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Etiology of Paget’s Disease and Osteoclast Abnormalities
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Abstract Paget’s disease of bone is a chronic focal skeletal disorder that affects up to 2–3% of the population over
the age of 60 years. Paget’s disease is primarily a disease of the osteoclast. The pathologic abnormality in patients with
Paget’s disease involves increased bone resorption by the osteoclasts, followed by abundant new bone formation that is of
poor quality. Genetic linkage analysis indicated that 40% of patients with Paget’s disease have an affected first degree
relative and 1% of patients develop osteosarcoma. Paget’s disease is an autosomal dominant trait with genetic
heterogeneity. Recurrent mutations in the ubiquitin-associated (UBA) domain of sequestosome 1 (SQSTM1/p62) are
identified in patients with Paget’s disease. Osteoclasts and osteoclast precursors from patients with Paget’s disease contain
paramyxoviral transcripts and appear hyperresponsive to 1,25-(OH)2D3 and RANK ligand (RANKL). It has been suggested
that the enhanced sensitivity of osteoclast precursors for 1,25-(OH)2D3 in Paget’s disease results from increased expression
of coactivators of vitamin D receptor (VDR). However, a cause and effect relationship for the paramyxoviral infection
and SQSTM1/p62 gene mutations associated with this disease and osteoclast abnormalities are unclear. Therefore, the
etiology of Paget’s disease remains uncertain. J. Cell. Biochem. 93: 688–696, 2004. � 2004 Wiley-Liss, Inc.
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Sir JamesPaget first describedPaget’s disease
of bone in 1877 as Osteitis Deformans, a chronic
focal skeletal disease that can be monostotic or
polyostotic. Paget’s disease is the second most
common metabolic bone disease and affects
between 2% and 3% of the population over the
age of 60. The disease been associated with
deformity and enlargement of single ormultiple
bones among which, the skull, clavicles, long
bones, and vertebral bodies are the most fre-
quently involved [Paget, 1877]. Patients with
Paget’s disease are frequently asymptomatic,
but approximately 10–15% of the patients have
severe symptoms including bone pain, frac-
tures, neurological complications due to spinal

cord compression, deafness, and dental abnor-
malities. Paget’s disease is a highly localized
disease, and new lesions rarely develop during
the course of the disease. Rather, lesions con-
tinue to progress in size unless treated. The
primary pathologic abnormality in patients
with Paget’s disease is increased bone resorp-
tion, followed by abundant new bone formation.
The bone that is formed is disorganized and of
poor quality, resulting in bowing of the bone,
stress fractures, and arthritis in joints contig-
uous to the involved bones. In addition, patients
with Paget’s disease can develop hypercalciuria
and hypercalcemia, due to accelerated bone
resorption induced by immobilization. Another
interesting feature of Paget’s disease is that
bones not clinically involved with Paget’s dis-
ease appear to show increased bone remodeling.
This increased bone remodeling in unaffected
bones has been ascribed to secondary hyper-
parathyroidism rather than to subclinical in-
volvement of the bones with Paget’s disease.
However, less than 20% of patients with Paget’s
disease have elevated parathyroid hormone
(PTH) levels [Siris, 1999]. A juvenile form of
Paget’s disease also calledhyperostosis corticalis
deformans juvenilis or hereditary hyperphos-
phatasia is very different than the adult form of
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the disease. It is characterized by widespread
involvement of the skeleton and has histological
and radiological features that distinguish it
from Paget’s disease of the adults, including
the absence of viral-like nuclear inclusions in
osteoclasts present in the bone microenviron-
ment [Whyte et al., 2002].
Bone scans are the most sensitive method of

detecting pagetic lesions and can be used to fol-
low the activity of the disease in these patients.
Initial lesions appear osteolytic, followed by a
chaotic sclerotic appearance, andfinally become
osteosclerotic. Considerable thickening of the
sclerotic bone results in bone deformity. Serum
tartrate resistant acid phosphatase (TRAP),
presumably released by osteoclasts, appears to
be an index of bone resorption in Paget’s disease
but is not routinely used. The most useful
markers for the increased osteoblast activity
in Paget’s disease are the total alkaline phos-
phatase and bone-specific alkaline phosphatase
activity levels in serum. Patients also showed
significantly higher endothelin-1 circulating
levels than controls with a positive correlation
with serum alkaline phosphatase, but not with
urinary hydroxyproline [Tarquini et al., 1998].
Furthermore, serum calcium levels are typi-
cally normal in Paget’s disease and also serum
osteocalcin levels appear to be a poor index of
the progression of the disease. Bisphosphonates
are the most common treatment for patients
with Paget’s disease. These inorganic phos-
phate compounds inhibit osteoclast-mediated
bone resorption and induce osteoclast apoptosis
[Siris, 1999]. It has been reported that serumM-
CSF levels are significantly elevated in patients
with Paget’s disease, however not significantly
different in patients under treatment compared
to normal subjects [Neale et al., 2002].
Paget’s disease has a very unusual geographic

distribution, with an increased incidence in
Caucasians of European descent, but it also
occurs in African Americans. It is rare in those
of Asian descent. Studies also suggested high
prevalence rates of radiographic Paget’s disease
in Britain, Australia, North America, and
Western Europe. Interestingly, even within
Britain there is a marked geographic variation
in the incidence of Paget’s disease, with an in-
creased incidence in the Western portion of
England and a much lower incidence in the
Southernportion ofEngland (8%vs. 4%) [Cooper
et al., 1999]. The prevalence of the disease is
2.5% among men and 1.6 % among women aged

55 years and above inBritish towns. The level of
prevalence in Spain is estimated to be at 1.5%.
A radiographic survey of 24 patients with
Paget’s disease in Ireland further revealed
monostotic disease in 8 and polyostotic disease
in 16. There have been reports that one to three
million patients over the age of 55 are affected
with Paget’s disease in the United States. This
is in contrast with the extreme rarity of the
disease in Scandinavia, Ireland, and Southern
Europe. This unusual geographic distribution
for the incidence of Paget’s disease is not attri-
butable to geographic, environmental, or indus-
trial exposures in these areas and currently
cannot be explained. Furthermore, the inci-
dence of Paget’s disease appears to be decreas-
ing over the last several decades [Siris, 1999;
Doyle et al., 2002], but thebasis for this decrease
in the incidence of Paget’s disease is unknown.
However, it is evident that genetic factors play
important role in the familial and sporadic
forms of Paget’s disease. Furthermore, Paget’s
disease has been described as a slow paramyx-
oviral infection process, suggesting a viral
etiology for the disease. Therefore, this review
will focus on the etiology of Paget’s disease with
an emphasis on the role that genetic and
paramyxoviral infection may play in abnormal
osteoclast development responsible for excess
bone resorption inpatientswithPaget’s disease.

GENETICS OF PAGET’S DISEASE

Familial incidence is common in Paget’s
disease and 40% of patients with the disease
have an affected first-degree relative. There-
fore, genetic factors play an important role in
the pathogenesis of Paget’s disease of bone.
The disease often is inherited in an autosomal
dominant manner manifesting genetic hetero-
geneity and incomplete penetrance. Familial
Paget’s disease has an equal incidence in males
and females. A genetic locus for Paget’s disease
has been identified on chromosome 18q [Leach
et al., 2001; Good et al., 2002] in several large
families with Paget’s disease in a region near
the familial expansile osteolysis (FEO) locus.
FEO is a disease related to Paget’s disease but
occurring in patients at amuch younger age and
being a much more severe disease. FEO is an
extremely rare disease, affecting only a very
limited number of kindreds in the world, also
mapped to chromosome 18q and is linked to
activating mutations in the TNFRSF11A gene
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which encodes receptor activator of nuclear
factor kB (RANK) [Hughes et al., 2000]. Recently,
in patients with Juvenile Paget’s disease, a
homozygous deletion of the gene on chromo-
some 8q24.2 that encodes osteoprotegerin,
member of the superfamily of tumor necrosis
factor receptors,hasbeenreported [Whyteetal.,
2002]. However, linkage studies, coupled with
mutation screening have excluded involvement
of RANK and also osteoprotegerin in the
majority of patientswith Paget’s disease of bone
[Sparks et al., 2001]. Studies also indicated that
patients with Paget’s disease have an increased
incidence of osteosarcoma, with approximately
1% of patients with Paget’s disease developing
osteosarcoma in an affected bone. This incidence
of osteosarcoma is 1,000 times higher than that
in the general population for this age group.
Recent genetic studies have demonstrated
linkage in seven of seven patients with osteo-
sarcoma to loss of heterozygosity in a region of
18q that is adjacent to or within a locus for
Paget’s disease on 18q [Hansen et al., 1999].

A genome wide search in familial Paget’s
disease of bone further indicated genetic hetero-
geneity of the disease with candidate loci on
chromosomes 2q, 10q, and 5q [Hocking et al.,
2001].More recently, the gene encoding seques-
tosome 1 (SQSTM1/p62) mapped within the
critical region on chromosome 5q35-qter identi-
fied a proline-leucine amino acid change at
codon392 (P392L) inFrench-Canadianpatients
withPaget’s disease of bone [Laurin et al., 2002].
The frequency ofmutationwas 16%and 46% for
sporadic and familial cases tested, respectively.
Further studies also identified different muta-
tions affecting the highly conserved ubiquitin-
binding domain of SQSTM1/p62 protein in
patients with familial and sporadic Paget’s
disease [Johnson-Pais et al., 2003; Good et al.,
2004; Hocking et al., 2004].

ROLE OF SQSTM1/P62 IN
OSTEOCLASTOGENESIS

The atypical PKC (aPKC) interaction with
SQSTM1/p62 has been implicated in signaling
cascades that control NF-kB activation. It is
evident that p62 provides a scaffold linking the
aPKCs to the tumor necrosis factor-alpha (TNF-
a) and interleukin-1 (IL-1) receptor signaling
complexes through its interaction with RIP and
TRAF-6, respectively [Moscat and Diaz-Meco,
2000]. Thus, SQSTM1/p62 mediate IL-1 and

TNF-a cytokine signaling to activate NF-kB
(Fig. 1). TRAF-6 plays an essential role inRANK
ligand (RANKL) signaling during osteoclasto-
genesis. More recently, it has been shown that
RANKL stimulation results in upregulation of
p62 expression in osteoclast precursor cells and
that the genetic inactivation of p62 in mice
impaired PTHrP induced osteoclastogenesis in
vivo. However, p62 null mice have grossly
normal skeletal phenotype and that no altera-
tions were found in the trabecular size and
number of osteoclasts compared to wild-type
mice. In vitro studies further demonstrated that
p62 deficiency leads to inhibition of IKK activa-
tion and NF-kB nuclear translocation during
osteoclastogenesis [Duran et al., 2004]. These
studies also demonstrated that RANKL stimu-
lation induces formation of a ternary complex
involving TRAF-6, p62, and aPKC during osteo-
clastogenesis. Recent studies also identified
novel mutations in ubiquitin-associated (UBA)
domain of SQSTM1/p62, however, genotype-
phenotype analysis indicated that there is no
correlation with respect to different mutations
in UBA and disease occurrence [Hocking et al.,
2004]. Therefore, the precise role that SQSTM1/
p62 may play in the pathogenesis of Paget’s
disease of bone remains to be elucidated.

VIRAL ETIOLOGY

Since the early 1970s, a variety of studies have
implicated paramyxoviruses in Paget’s disease.
The viral etiology has been proposed for Paget’s
disease with an initial description of nucleocap-
sid-like structures in the nuclei and cytoplasm
of pagetic osteoclasts by electron microscopy
[Mills and Singer, 1976]. Immunocytochemical
studies further confirmed that these nuclear
inclusions cross-reacted with antibodies that
recognized measles virus (MV) or respiratory
syncytial virus (RSV) nucleocapsid antigens.
In situ hybridization techniques also identified
the presence of MV messenger RNA (mRNA)
sequences in up to 90% of osteoclasts and other
mononuclear cells in pagetic bone specimens.
Similarly, caninedistempervirus (CDV)nucleo-
capsid antigens were also detected in osteo-
clasts from patients with Paget’s disease. These
paramyxoviral-like nuclear inclusions are not
unique to Paget’s disease and were reported in
patients with FEO and rarely in patients with
osteopetrosis, pycnodysostosis, and otosclero-
sis, oxalosis [Singer, 1999]. This has raised the
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possibility that that the virus may be a non-
etiologic agent in a cell altered by a genetic
defect.
To further explore the viral etiology, using

reverse transcription-polymerase chain reac-
tion (RT-PCR) analysis, we have amplified the
MV nucleocapsid (MVNP) transcripts from
freshly isolated bonemarrow cells frompatients
with Paget’s disease. These MVNP transcripts
contain mutations clustered at the c-terminal
end of the mRNA [Reddy et al., 1995]. All these
mutationswere sensemutations and resulted in
amino acid substitutions in the nucleocapsid
gene product. The mutations occurred at 1%
rate in the total MVNP gene isolated from a
patient with Paget’s disease. We further de-
monstrated that osteoclast precursors, the
granulocyte macrophage colony-forming unit
(CFU-GM), as well as mature osteoclasts from
patients with Paget’s disease, expressedMVNP
transcripts. Since CFU-GM circulate and also
give rise to monocytes and granulocytes in the
peripheral blood, we then examined peripheral
blood mononuclear cells from patients with

Paget’s disease and normals for expression of
MVNP transcripts. We found by RT-PCR anal-
ysis that peripheral blood samples from 9 of 10
patients with Paget’s disease contain MVNP
transcripts, while none of the 10 normals tested
expressed MVNP transcripts [Reddy et al.,
2001a]. We were unable to find CDV or RSV
nucleocapsid transcripts in patients we have
studied. In contrast, CDV nucleocapsid tran-
scripts were detected in affected bones from
100% of patients tested using in situ RT-PCR
techniques. Furthermore, it has also been de-
monstrated that infecting canine bone marrow
cells with CDV results in development of multi-
nucleated cells that share some of the pheno-
typic characteristics of pagetic osteoclasts
[Gordon et al., 1992]. However, other workers
havebeenunable todetectparamyxoviralnucle-
ocapsid transcripts in samples obtained from
patients with Paget’s disease [Helfrich et al.,
2000; Ooi et al., 2000].

The presence of MV or CDV transcripts in
osteoclasts and osteoclast precursors from
patients with Paget’s disease does not infer a

Fig. 1. Signaling cascades associated with sequestosome/p62. Sequestosome provides a scaffold linking
the aPKCs to the TNF-a and IL-1 receptor signaling complexes through its interactions with RIP and TRAF-6,
respectively resulting in phosphorylation of IKK and activation of NF-kB. RANKL-RANK signaling induce
p62 to form a ternary complex with TRAF-6 and aPKCs during osteoclast differentiation [Duran et al., 2004].
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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pathophysiologic role for these genes in the
development of the pagetic lesions. It is possible
that these paramyxoviral transcripts and para-
myxoviral-like inclusions are simply markers
for the disease and have no pathophysiologic
significance. In studies, using normal osteoclast
precursors (CFU-GM) transduced with retro-
viral vectors expressing theMVNP gene formed
large osteoclasts more rapidly with an increas-
ed numbers of nuclei, hypersensitive to 1,25-
dihydroxyvitamin D3 (1,25-[OH]2D3) and had
increased bone resorbing capacity compared to
normal osteoclasts. In contrast, normal osteo-
clast precursors transducedwith theMVmatrix
gene did not express an abnormal phenotype
[Kurihara et al., 2000]. In further studies, we
have targeted CD46, human MV receptor to
cells of the osteoclast lineage in transgenic mice
and demonstrated that MV infection of osteo-
clast precursors from CD46 transgenic mice
form osteoclasts, which express a pagetic phe-
notype in vitro [Reddy et al., 2001b]. Taken
together, these data suggest a potential patho-
physiologic role for the paramyxoviral nucleo-
capsid gene that is expressed in patients with
Paget’s disease. Mouse models of MV infection
were also developed in which CD46 is intro-
duced into transgenicmice and has been bred to
another transgenic mouse lacking the alpha-
beta-interferon receptor. Upon exposure toMV,
these mice developed immune-suppression
similar to patients with acute MV infection.
Themice lack the alpha-beta interferon receptor
demonstrated persistence of MV infection for at
least 12 days [Peng et al., 2003]. However,
TRAP-CD46 mice do not develop sustained MV
infection, most likely reflecting the need for
blocking interferon production for development
of persistent MV infection in these mice.

MV infection has a similar incidence world-
wide and occurs in very young patients, whereas
Paget’s disease is a disease of the elderly. These
observations suggest that if paramyxoviruses
have an etiologic role in Paget’s disease, these
viral infections must persist for long periods of
time. To further investigate a potential site for
the initial infection of osteoclast precursorswith
Paget’s disease, we tested the hypothesis that
very early pluripotent hematopoietic stem cells,
which can persist for long periods of time in a
quiescent phase, may be the initial target for
the paramyxoviral infection in patients with
Paget’s disease. We found that other hemato-
poietic lineages from patients with Paget’s

disease in addition to the osteoclast lineage,
including the erythroid and the erythroid pre-
cursors, burst-forming unit-erythroid (BFU-E),
and multipotent myeloid precursors (CFU-
GEMM), which give rise to megakaryocytes,
monocytes, erythroid cells, and granulocytes,
also contain paramyxoviral nucleocapsid tran-
scripts [Reddy et al., 2001a]. Thus, if the initial
site of infection occurs in a small number of
primitive pluripotent hematopoietic stem cells
that predominantly remain in Go, this might
explain the chronicity of the infection. Further-
more, there may be a genetic predisposition
for chronic paramyxoviral infections of hema-
topoietic precursors in patients with Paget’s
disease. However, a cause and effect relation-
ship of paramyxoviruses in Paget’s disease
remains proven as yet no infectious virus
been isolated from pagetic cells and also, it is
not clear how the initial lesion occurs in Paget’s
disease.

PAGETIC OSTEOCLASTS

Histologic examination of pagetic bone biopsy
revealedabundant structurallyabnormalosteo-
clasts. Osteoclasts are increased in number and
size, and contain as many as 100 nuclei per
multinucleated cell compared to three to five
nuclei for a normal osteoclast. These osteoclasts
have characteristic ultrastructural abnormal-
ities including microfilaments, paracrystalline
arrays located in the nucleus and sometimes in
the cytoplasm that are absent in non-pagetic
bone or bone marrow cells. These inclusions
closely resemble nucleocapsids of viruses of
the paramyxoviridae family [Mills and Singer,
1976]. Osteoblasts are also increased in lesions
in patients with Paget’s disease, and they
appear to be morphologically normal. Osteo-
blasts contain abundant rough endoplasmic
reticulumandmitochondria in awell-developed
Golgi zone, consistent with the increased bone
formation activity that occurs in the active
lesions. In advanced lesions in patients with
Paget’s disease, the marrow is also abnormal.
The bone matrix in Paget’s disease is highly
abnormal in structure due to disordered bone
remodeling. The bone matrix consists of erratic
patterns of ‘‘cement lines’’ and demonstrates a
‘‘mosaic’’ pattern. The matrix is interspersed
with numerous foci ofwoven bone, reflecting the
increased rates of bone deposition that is of poor
quality.
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The bone marrow culture techniques identi-
fied several abnormalities in osteoclast forma-
tion and osteoclast precursors from patients
with Paget’s disease. Osteoclast-like multinu-
cleated cells formedmore rapidly with increased
numbers (10–100-fold) and nuclei per osteo-
clast, expressed high levels of TRAP in marrow
cultures from patients with Paget’s disease
compared to normals. In addition, osteoclast
formation in pagetic bone marrow cultures was
induced at concentrations of 1,25-(OH)2D3 that
were 10–100 times lower than those required in
normal marrow cultures. Structural examina-
tion of the osteoclast-like cells formed in bone
marrow cultures also showed that they had
many of the features of pagetic osteoclasts but
lacked the characteristic nuclear and cytoplas-
mic inclusions. Immunocytochemical studies
confirmed that MV and RSV nucleocapsid anti-
genswere expressed in osteoclasts formed invitro
in these cultures. Osteoclasts from patients
with Paget’s disease also appear to produce
increased levels of IL-6 and express high levels
of IL-6 receptors compared to normal osteo-
clasts. In situ hybridization studies have
further identified increased levels of IL-6, c-fos
proto-oncogene, Bcl 2 anti-apoptotic genemRNA
expression in pagetic osteoclasts. IL-6 receptor
and NF-IL-6 mRNA levels were also increased
in osteoclasts from bone samples from patients
with Paget’s disease compared to those with
osteoarthritis [Hoyland et al., 1994]. These data
suggest that IL-6, which is a stimulator of human
osteoclast formation, may act as an autocrine/
paracrine factor to enhance osteoclast forma-
tion in patients with Paget’s disease and in-
crease the osteoclast precursor pool. IL-6 levels
were also shown to increase in bone marrow
plasma and peripheral blood of patients with
Paget’s disease [Roodman et al., 1992]. In ad-
dition, the increased levels of IL-6 in the
peripheral bloodof patientswithPaget’s disease
may in part explain the increased bone remo-
deling seen in bones not clinically involved with
Paget’s disease.
To further investigate the potential abnorm-

alities in osteoclast precursors in patients with
Paget’s disease, the number of osteoclast pre-
cursors in marrow aspirates from involved
bones from patients with Paget’s disease were
assessed. It has been found that the number of
early osteoclast precursors, CFU-GM, was
increased significantly in marrow aspirates
from patients with Paget’s disease compared

to normals. Interestingly, when the osteoclast
precursors were separated from the marrow
microenvironmental elements present in the
marrow aspirates, similar numbers of osteo-
clast precursors were detected in these aspi-
rates. These data suggested that the marrow
microenvironment enhanced osteoclast precur-
sor growth compared to the normal marrow
microenvironment.

To determine the potential role of themarrow
microenvironment and the enhanced osteoclast
formation in patients with Paget’s disease, re-
constitution experiments were conducted using
highly purified populations of osteoclast pre-
cursors from patients with Paget’s disease or
normals andmarrowstromal cells frompatients
with Paget’s disease and normals. Coculture
of normal osteoclast precursors with marrow
stromal cells from patients with Paget’s disease
resulted in enhanced growth of the osteoclast
precursors from normals. Interestingly, when
osteoclast precursors frompatientswithPaget’s
disease were cocultured with marrow stromal
cells from normals, they also showed increased
growth. These data suggest that both themarrow
microenvironment, aswell as the osteoclast pre-
cursors, are abnormal in patients with Paget’s
disease.

These studies also confirmed that the osteo-
clast precursors were hypersensitive to 1,25-
(OH)2D3 compared to normals. The increased
sensitivity of osteoclast precursors from Paget’s
patients to 1,25-(OH)2D3 is mediated through
the vitamin D3 receptor (VDR). This was con-
firmedbyupregulation of 24-hydroxylasemRNA
expression in pagetic osteoclast precursors at
concentrations of 1,25-(OH)2D3 that are one log
less than that required for normal osteoclast
precursors. The increased sensitivity to 1,25-
(OH)2D3 was not due to increased numbers of
vitamin D receptors in pagetic osteoclast pre-
cursors compared to normals, but appeared to
bedue to enhancedaffinity of theVDR inpagetic
cells for its ligand compared to normals [Menaa
et al., 2000a]. Recently, it has been demon-
strated that MVNP gene expression in osteo-
clast precursors results in increased levels of
TAFII-17 transcription factor gene expression.
The high levels of TAFII-17 permit formation
of VDR transcription complex at low levels of
receptor occupancy by 1,25-(OH)2D3 [Kurihara
et al., 2004]. These results support the hypoth-
esis that part of the pathophysiology underlying
the increased osteoclast activity in Paget’s

Paget’s Disease and Osteoclasts 693



disease is due to increased levels of VDR coacti-
vators that enhance VDR-mediated gene tran-
scription at low levels of 1,25-(OH)2D3. These
studies suggested that Paget’s disease may be a
VDR coactivator disease.

The osteoclast precursors from patients with
Paget’s disease also appear to be hyperrespon-
sive to receptor activator of NF-kB ligand
(RANKL) and that marrow stromal cells from
pagetic lesions have increased RANKL expres-
sion [Neale et al., 2000; Menaa et al., 2000b].
RANKL is a critical osteoclast differentiation
factor that is expressed on marrow stromal
and osteoblast cells in response to several
osteotropic factors. The increased sensitivity of
osteoclast precursors from Paget’s patients to
RANKLappears tobedue to interactionsof these
precursors with interleukin-6 (IL-6). Addition
of neutralizing antibodies to IL-6 decreased the
sensitivity of the osteoclast precursors from
patients with Paget’s disease to RANKL to
normal levels. Similarly, addition of IL-6 to
cultures of normal osteoclast precursors en-
hanced the responsivity of these precursors to
RANKL to the levels seen with pagetic osteo-
clast precursors. Pagetic osteoclasts expressing
MVNP gene produce high levels of cytokines
that increase osteoclast precursor pool as well

as osteoblast precursor proliferation and con-
stitutive expression of RANKL, which contri-
bute to the abnormal osteoclast development
and highly localized nature of Paget’s disease
(Fig. 2). Immature osteoblasts are the major
responders to RANKL inducing cytokines and
studies also suggested that expression of
RANKL decreases with osteoblast maturation
[Gori et al., 2000]. Therefore, the increased
numbers of highly active osteoblasts rapidly
form large amounts of woven bone in patients
with Paget’s disease. Furthermore, the prodi-
gious amounts of cytokine production by the
pagetic osteoclasts result in continued stimula-
tion of osteoblast precursors growthmaking the
local microenvironment in the pagetic lesion
progressively more osteoclastogenic resulting
in elevated levels of bone resorption in these
patients. Consistent with this hypothesis are
findings of high levels of cytokines such as IL-6
being produced by pagetic osteoclasts and the
increased RANKL protein levels in marrow ad-
herent cells from pagetic lesions compared to
normal marrow and uninvolved bones from the
same patient [Menaa et al., 2000b]. In addition,
the clinical observation that inhibiting osteo-
clast formation with bisphosphonates results
in a dramatic fall in alkaline phosphatase in

Fig. 2. Osteoclastogenesis in pagetic bone microenvironment.
The osteoclast precursors contain measles virus (MV) transcripts
and are hyperresponsive to RANK ligand (RANKL). The pagetic
osteoclasts produce increased levels of cytokines such as IL-6,
which enhance osteoclast formation. Chronic exposure to

cytokines produced by the pagetic osteoclasts results in
constitutive overexpression of RANKL in stromal/osteoblast cells
further enhancing the abnormal osteoclast development in
pagetic bone lesions. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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patients with Paget’s disease, demonstrates
that osteoclasts are driving the osteoblastic
response in Paget’s disease. Alternatively,
pagetic osteoclasts may live for very long periods
of time compared to normal osteoclasts and
persist in the lesion. It has been reported that
the anti-apoptotic gene Bcl-2 is overexpressed
in pagetic osteoclasts, suggesting that the
osteoclasts lifespanmay be prolonged in pagetic
lesions. More recently, it has also been reported
that mutations in the Bcl-2 gene promoter are
responsible for upregulation of Bcl-2 expression
leading to enhanced osteoclastogenesis in pati-
ents with Paget’s disease [Brandwood et al.,
2003]. Recently, it has been shown that SHIP,
inositol 50 phosphatase deficient mice are se-
verely osteoporotic with an increased numbers
of osteoclast precursors and hyperactive osteo-
clasts. In addition, serum levels of IL-6 are
markedly increased in these mice as in Paget’s
disease [Takeshita et al., 2002]. However, the
basis for these abnormalities in both osteoclasts
and osteoclast precursors from patients with
Paget’s disease is still unknown.

SUMMARY AND FUTURE DIRECTIONS

Paget’s disease of bone is the second most
disorder of bone after osteoporosis. The disease
is an autosomal dominant trait with genetic
heterogeneity. The recent discovery of recur-
rent mutations occurring in the UBA domain of
SQSTM1/p62 in patients with Paget’s disease
suggests that genetic factors may play an
important role. Although SQSTM1/p62 muta-
tions are implicated as a common cause of
familial and sporadic Paget’s disease, there is
no correlation among different mutant forms of
p62 and disease severity. Lack of skeletal
abnormalities in p62 null mice further suggests
a potential role for genes present in other candi-
date loci that were linked with Paget’s disease.
Alternatively, a genetic defect may favor the
environmental factors such as MV infection to
have potential role in pathogenesis of the disease.
However, the molecular basis for the abnorm-
alities associated with osteoclasts, the role of
paramyxoviral infection and persistence of the
virus in patientswithPaget’s disease is unclear.
Targeting the expression of candidate genes to
the cells of osteoclast lineage in transgenic
mouse that are permissive to MV infection
may allow better understanding of the patho-
biology of Paget’s disease. It is important to

determine a cause and effect relationship for
persistence of paramyxoviral infection and
genetic predisposition in these patients. There-
fore, the etiology of Paget’s disease remains
uncertain.
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